VIS radiation. Long-term monitoring of vertical underwater visibility based on Secchi depth has been conducted since nineteenth century for monitoring the light availability related to marine organism (Lorenzen, 1970 (Lorenzen, , 1972 Morel, 1988; Morel and Berthon, 1989; Falkowski and Wilson, 1992; Park et al., 1998; Doron et al., 2011; Weeks et al., 2012) . With in-situ Secchi depth data, various satellite ocean color data have been used to estimate vertical and horizontal vertical underwater visibility on a global scale (Doron et al., 2011; Weeks et al., 2012; Barnes et al., 2013) . The vertical underwater visibility is affected by the optics of the detector, the Inherent Optical Properties (IOPs) and Apparent Optical Properties (AOPs) of seawater (Zaneveld and Pegau, 2003) . Among several optical properties, the vertical diffuse attenuation coefficient, Kd (m -1 ) and the beam attenuation coefficient, c (m -1 ) are related directly with the vertical and horizontal vertical underwater visibility (Doron et al., 2007 (Doron et al., , 2011 Zaneveld and Pegau, 2003) . Sea-viewing Wide Fieldof-view Sensor (SeaWiFS), Medium-spectral Resolution
Imaging Spectrometer (MERIS) and Moderate
Resolution Imaging Spectroradiometer (MODIS) have provided the optical properties related to vertical underwater visibility (Doron et al., 2011 , Barnes et al., 2013 . The Geostationary Ocean Color Imager (GOCI) is able to provide hourly various optical property products such as remote sensing reflectance (Rrs) and diffuse attenuation coefficient (Kd). The estimation of vertical underwater visibility is conducted by two algorithms in the present study. The first is the empirical algorithm based on the relationship between simultaneous in-situ measurements of Secchi depths and water-leaving reflectance (or chlorophyll or Kd of satellite data) (Prasad et al., 1998; Kratzer et al., 2003; Kloiber et al., 2002) . Although the empirical model is easy to be developed and applied with large Secchi depth historical databases, this model is developed based on Case-1 waters (Morel et al., 2007; Min et al, 2007; Doron et al., 2007 Doron et al., , 2011 . As the other method, the semi-analytical algorithm, is proposed by Doron et al. (2007) and this algorithm uses the approximations of the radiation transfer related to IOPs, and AOPs. To estimate the vertical underwater visibility, the semianalytical algorithm estimates and uses Kd and the beam attenuation coefficient (c) for both Case 1 and 2 water types (Doron et al., 2007) . The algorithm is comprehensively validated with more than 400 matchups of a large database containing in-situ Secchi depth data of various water types and MERIS, MODIS and SeaWiFS data (Doron et al., 2011) . In the preview, properties of both Case-1 and Case-2 waters (Moon et al., 2010a) . In the Southern Sea, the coastal waters belong to Case-2 and the offshore area is similar to the Case-1 water (Moon et al., 2010a) . Moon et al., (2010b) shows that the beam absorption coefficient in the Yellow Sea is significantly influenced by suspended matters, and optical properties of the East Sea are determined by dissolved organic matters than others (Moon et al., 2010b) . Table 2 shows the statistics of in-situ Secchi depths
Materials and methods

1) Materials and study area
Validation of the semi-analytical algorithm for estimating vertical underwater visibility using MODIS data in the waters around Korea -6 03 - dataset are also used in this study.
2) Preprocessing of satellite and in-situ data
In the computing process of MODIS Zv, it is also important to include spatial and temporal matching process of in-situ and satellite data in the preprocessing 3) The semi-analytical algorithm for estimating vertical underwater visibility
(1) The retrieval of spectral irradiance reflectance below the surface R
The spectral irradiance reflectance just below the sea surface, R is estimated using in-water remotely sensed reflectance, rrs (sr -1 ) as :
where rrs is deduced from Rrs using the Equation 2:
Q is a bidirectionality factor that varies between approximately 3.5 and 4.2 depending mostly on the water type. Note that the value of Q is 4 in the work of Loisel and Morel (2001) , which is estimated R (490) and R(560) of MODIS irradiance reflectance data.
(2) The conversion of R to the absorption coefficient (a) and backscattering coefficient (bb)
R is related with a and bb as: bb is the sum of bbw and bbp which are the backscattering coefficients of the pure seawater and marine particles respectively:
bbw (490) is taken equal to 0.00345 m -1 based on the measurement data (Morel, 1974) . bbp (490) is calculated by using R(490) and R(560) as:
where,
_ α490 _ 560 B490 _ 560 aw(490),
The spectral variations of the particles, which were observed by Babin et al. (2003) and Barnard et al. (1998) , derives the backscattering ratio between two bands as follows:
bbw (490) and bbw (560) are taken as 0.00345 and 0.0009 respectively (Morel, 1974) , and aw (560) is 0.0619 (Pope and Fry, 1997). α490 _ 560 , the ratio of ares (560) to ares (490) has the average value of 0.323 (Doron et al., 2011) .
The absorption coefficient a(490) is estimated by using bb(490) as:
Rrs (λ) 0.52 + 1.7Rrs (λ)
bbp (490) bbp (560) bb ( (490) )bb (490) (10)
The value of c at λ = 490nm can be expressed as:
bp (490) = (12) (4) Algorithm to estimate vertical underwater visibility Zv
According to Tyler (1968) and Preisendorfer (1986) , the Secchi depth Zv can be expressed as:
Co is the inherent contrast between the disk and background water, and Cmin is the minimum apparent contrast perceivable by the human eye. Although the γ 0 is the coupling constant between 5 and 10 for varying conditions, Doron et al. (2007 Doron et al. ( , 2011 suggests that γ 0 is taken as 6, showing a strong relationship between satellite based α and in-situ data of the ocean sites.
α is estimated as:
where x = Kd (490) + c(490).
The flow chart in Fig. 2 shows the detailed procedure to generate MODIS Zv data based on the semianalytical algorithm described in Section 2. Validation of the semi-analytical algorithm for estimating vertical underwater visibility using MODIS data in the waters around Korea -6 05 - may be due to the small Zv mean and/or statistical uncertainty associated with small sample numbers.
Results
As mentioned with reference to Fig 
(a). There is no define relation among different water
Validation of the semi-analytical algorithm for estimating vertical underwater visibility using MODIS data in the waters around Korea -6 07 - 
